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I INTRODUCTION

Part of the design study reported here was concerned with determining

which system alternatives would be the most effective for attaining the

goals of a proposed, general-purpose system for measuring the effects of

disturbed ionospheric plasmas on communications, surveillance, and

position-location systems. The heart of the proposed general-purpose

test and measurement system is a "transparent" transponder capable of

passing a large variety of wide-bandwidth signals, several of which could

be passed through simultaneously. Thus, channel sounding signals, channel

diagnostic signals, simulated or actual systems signals, and ECM-type sig-

nals can be dealt with at the same time. The transponder has been designed

to be as simple as possible to reduce unit cost to a minimum. This makes

it feasible to employ it in a rocket application as well as in a satellite.

The rest of this report describes the system, its subsystems, and the

specifications developed for each of the elements.

The ground-based terminal equipment and system elements are conceived

to have three functions. The first is to perform channel sounding and

diagnoses. The second is to provide the capability for simulating generic

types of signaling waveforms, with emphasis on spread-spectrum techniques.

The final function is to supply an interface that would allow flexible

and convenient use of actual signals from existing and prototype systems.

More emphasis has been placed so far on the first two of these functions

than on the third.

A brief description of how the transponder works is appropriate in

this section. The desired downlink signals from the transponder are in

the VHF-UHF range, and are transmitted up to the transponder as lower

sidebands of an 8-GHz carrier (see Figure 1). Figure 2 illustrates the

frequency relationships. The main unit of the transponder down-converts

those sideband signals to baseband, where they are filtered out and

transmitted back to the surface using whatever power amplifiers are

5
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needed for the application. An SlIP downlink reference signal is also

generated in the transponder. A detailed description of the transponder

and its operation appear in Section IV-B. Its design went through

several iterations; the final design is superior because of its relative

simplicity.

This effort was concerned almost totally with general hardware

specifications and design configurations. Very little will be said here

about ionospheric radio propagation under degraded conditions, which is

well-covered in numerous DNA reports by various organizations, nor will

specific applications for the transparent-transponder system be considered

beyond the general remarks here.

We have already mentioned that the unit cost of the transponders is

low enough to be worthwhile in rocket applications. Those applications

include flights in conjunction with barium releases such as STRESS, PLACES,

and SECEDE, and flights involving the naturally disturbed equatorial and

auroral ionosphere. All those environments possess characteristics simi-

lar to those produced by high-altitude nuclear detonations, although ob-

viously not so severe. Although the initial costs would be larger, the

longer lifetime afforded by carrying the transparent transponder in a

satellite would great.y enhance the payoff. We note that most of the

wideband satellite tones can be passed through the transponder (which

provides an even higher frequency phase reference), so there is compati-

bility with that ground-station equipment as well.

In early 1979 we were requested to study the possibility of using

this system during the then upcoming PLACES test series. A subset of the

transparent-transponder system was developed and suggested for that

particular application. However, a decision was made to use special-

purpose equipment, and we thereafter pursued design of the more flexible

general-purpose system described here.

8



II MEASUREMENT OBJECTIVES

A. Channel Characteristics

Unlike many time- and frequency-spread channels, such as typical

terrestrial links, the transionospheric channel is inherently dispersive

as well. In the undisturbed ionosphere, dispersion is not usually a

problem unless the fractional bandwidth is large and the center frequency

is relatively low. Although most simple treatments of dispersion predict

symmetrical time-spreading, pulse dispersion is actually asymmetric,l
*

and the emergent pualse will have a stretched-out "tail" if there is appre-

ciable dispersion. It may be difficult to distinguish between this situa-I tion and a strictly time-spreading channel, which also produces an asym-

metric impulse response with a tail due to off-line-of-sight scattering.

Even though dispersion does not result in coherent-bandwidth reduction

as in the case of frequency-selective fading, the resulting signal dis-

tortion can seriously degrade the performance of a system unless some

kind of compensation is applied, such as including a dispersive filter

having the opposite phase-shift-versus-frequency characteristic.

Dispersion also affects frequency-selective fading produced by

scattering from ionospheric irregularities under disturbed conditions.

A discussion of the practical or theoretical effect of having frequency-

dependent scattering (this channel seems to be rather unique in this) is

beyond the scope of this work. We do note that the condition of wide-

sense stationarity2 for the channel in the frequency domain is violated,

which means strictly that characterization in terms of a channel delay

profile (or its Fourier transform, the coherent bandwidth), may not be

very accurate. It may suffice, however, to model the channel as d cas-

cade of dispersive and frequency-selective fading elements.

,

References are listed at the end of this report.
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The transionospheric channel is usually characterized by its ability

to support rather wide-bandwidth signals, even under disturbed conditions.

For a given set of conditions, however, the fractional coherence band-

width exhibits a frequency dependence as rapidly varying as f3, which

means that it shrinks rather quickly as the center frequency is reduced.

Thus a choice of a fairly low operating frequency might provide a good

simulation of a higher-frequency system in the more severe nuclear en-
-3

vironment. Because the measure of dispersion has an f dependence,

what might be called the fractional "dispersion-limited bandwidth"

varies as f- 2, which is less rapid than the coherence bandwidth. This

says that dispersion will be eventually dominant as the frequency is

raised, but both effects may be negligible by that point.

At the wavelengths of interest, the ionosphere is also birefringent

due to the geomagnetic field. This is not much of a problem if care is

taken to maintain good antenna-polarization circularity, and propagation

paths nearly transverse to the field are avoided. Because the two circu-

larly polarized modes have different group velocities, Faraday rotation

will be seen only on the overlapping part of an originally received

linearly polarized pulse.

B. Channel Sounding Objectives

One objective of this work is to correlate measured bit error rate

(BER) on representative modems with the measured channel response. The

measurements will be performed in both the time and frequency domains,

thereby characterizing the time-variant channel more accurately than

previously.

This effort is directed toward measuring the effects of disturbances

affecting the transionospheric satellite communication (and position-

determination) channel. The disturbance may occur on either the uplink

or the downlink, or both. While many satellite communication modems em-

ploy spread-spectrum modulation--e.g., the URC-55 and -61 and the USC-28,

and could be used for time-domain channel sounding--their construction

is such that it is not convenient to perform the desired channel sounding

10
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measurements. A channel sounding (time domain) spread-spectrum unit,

which is optimized for the channel sounding function, will have, in gene-

ral, different parameters--e.g., phase-lock loop noise bandwidths--than

the satellite modem. Consequently, it is desirable to simultaneously

measure the BER with the satellite communication modem and sound the

channel. The channel should be sounded in both the frequency and the

time domain.

Our system design, in fact, does permit all three signals to be

present. The design is such that any data modem with a 70-MHz interface

may be used with the system, subject to the constraint (discussed later

in the report) that excessive mutual interference does not occur between

the three signals. Simulated ELI (jamming) signals can also be passed

through the system. Note that the system de2.ign is very flexible and it

is not necessary to package the data modems for a spacecraft or rocket

environment as would be the case if the transmitters were located in the

vehicle.

C. Error-Rate Determination

Determination of error rate requires the use of an external data

modem and bit-error-rate measurement equipment. The modem must be con-

nected to the auxiliary parts of the experimental equipment. Further

discussion of this arrangement is presented in Section IV-A-4.

The error rate in future experiments needs to be measured at an

appropriate data rate. If the data rate is too low, it will be impossible

to accurately measure the BER in a time period during which the propaga-

tion conditions are fixed. If the data rate is too high, too much uplink

and downlink power will be required. Also, the data modem may be inca-

pable of transmitting at rates in excess of 10 or 100 kbits/s. Due to

these constraints we do not expect to be able to accurately identify

small changes in BER as they relate to particular channel characteristics.

However, we expect after many experiments to correlate higher probability

of bit error with particular channel characteristics. That is, certain

channel characteristics may consistently increase the BER from 10-3 or

11

1l



10-5 to 10% to 50%. We expect to be able to identify such situations

with the proposed experimental equipment.

1
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III SYSTEM CHARACTERISTICS

A. System Description

In this section we present some general considerations and choices

in the selection and design of the proposed experimental system. We be-

gin by considering general alternative systems and proceed to frequency

selection tradeoffs.

1.. Alternative Systems

Measurement of man-made or natural ionization can be accomp-I lished by a variety of methods. We assume that measurements are to be
made on the ground as opposed to measurements by spacecraft or a rocket

package because ground-based measurements offer greater flexibility,

accessibility, and lower cost. Given that channel measurements are per-

formed on the ground, there are only two potential locations for the

transmitter or signal source: (1) a spacecraft or rocket package, and

(2) the ground. The basic premise underlying all of our work is that

only a ground-based source provides the flexibility needed to accommodate

different circumstances and objectives.

If the transmitter is located on the ground, it requires a

transponder in a spacecraft or a rocket for relaying the transmitted sig-

nal back down through the signal-degrading medium. Thus, an uplink signal

is required that must be of sufficiently high frequency that this signal

does not encounter measurable distortions.

The transmitter may be either collocated with the receiver

(monostatic) or placed in separate locations if logistics or a

Alternatively, one could "sound" the disturbed media on the uplink and
return the signal for ground reception on a very much higher frequency
that does not encounter the distortion. But this approach exacerbates
the problem of coping with interference.

13



frequency-management problem so dictates. Collocation, when feasible,

offers sign.Licant operational advantages. The recommended system is

configured so that it may be operated either monostatically or bistati-

cally.

Another alternative pair of choices is sounding the channel in

the frequency or in the time domain. With the former approach a set of

coherent sinusoids (i.e., 6-functions in the frequency domain) is trans-

mitted and their relative amplitudes and phases are measured. Because

these quantities are samples of the channel time-varying transfer func-

tion, the channel is directly characterized in the frequency domain. For

a linear channel this frequency-domain characterization can be readily

converted to a time-domain representation by using an inverse Fourier

transform. Alternatively, a time domain characterization can be measured

directly in the time domain. With this approach a short* pulse [or,

equivalently, a spread-spectrum signal generated by a maximal-length

sequence (M-sequence)] is used to measure the (time-varying) channel im-
pulse response. Since the channel output is the convolution of the time-

varying impulse response and the input signal, this technique will strictly

yield a good estimate of the impulse response only to the extent to which

the effective input signal is a 6-function. In practice, it is really

only necessary for the bandwidth of the input signal to be as great as

that of the widest-bandwidth signal contemplated. This is equivalent to

bandlimiting with a filter, and it is important to control the rolloff

so as to minimize time sidelobes, which can confuse interpretation. (The

same bandlimiting considerations apply for the multiple-tone approach as

well.) Assuming a linear channel, this time-domain characterization can

be converted to a frequency-domain representation by usin a Fourier

transform.

Numerous Fourier-transform relations exist between the various

channel measures as well;2 here we only note that because of the uncer-

tainty relation, a long-duration channel impulse response or delay profile

*
Compared to the duration of functions such as the channel delay profile.
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implies a narrow coherence bandwidth, which occurs when RF energy is

scattered along paths sufficiently far (depending on the circumstances)

from the direct path.

Both alternatives in principle provide the same information.

The real differences between them reside in practical considerations,

such as the number of well-calibrated receiver channels required with

the multiple-tone approach. The multiple-tone approach concentrates

the RF energy into a series of narrow spectral slots, which allows inter-

ference to be filtered out. Using a PN sequence overcomes the problem

of a very high peak-to-average power that would happen with straight

time-domain probing.

Frequency-domain sampling (with only one tone) is the natural

approach for a Doppler-spread channel that produces no significant time

spread. A single impulse would suffice for a time-invariant channelI that did have a finite-width delay profile. The channel of interest

here exhibits both time- and frequency-scattering. However, even for

rapidly moving satellites the time spread or delay-profile extent will

be much less than the correlation time (submicroseconds versus milli-

seconds). This means that the channel needs to be sampled at a high

rate but only in relatively infrequent bursts. If 2F is the widest band-

width of interest, and T is the greatest duration of the delay profile,

either the impulse response needs to be sampled 1/2F s apart or the

transfer function needs to be sampled 1/2T Hz apart, so the total number

of sampling taps and tones required per burst is the same for both ap-

proaches--namely, 2TF. This quantity depends on the particular situation;

for the wideband satellite it is 7 (see Reference 3), which must be near

the practical minimum number. The burst repetition rate is of the kilo-

hertz order, and is also the required (two-sided) bandwidth of the indivi-

dual tone-approach receivers.

Because the multiple-tone approach requires a fairly large num-

ber of carefully matched receivers and a complex frequency synthesizer,

it is not a very attractive approach in most circumstances. It may be

reasonable in some applications to step a single receiver (or transmitter-

receiver pair) rapidly through a series of tones. For example, suppose

15
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we need to support a system bandwidth of 2F =300 MHz and the channel de-

lay profile has to be measured out to T =100 ns, which implies a coherence

bandwidth of 10 MHz. This means that 30 tones minimum are required to

cover the possibilities. So, if the channel coherence time is 1 ins, say,

it would be necessary to step through the 30 tones in times short compared

to 1/30 ins. This in turn implies that the instantaneous receiver band-

width must be in t .cess of 30 kHz to allow the output time to settle down.

Because that bandwidth is much smaller than the tone spacing of 10 MHz,

stepping is a more reasonable approach than providing 30 receiver chan-

nels. There would be a 20-dB SNR penalty because of the wider bandwidth

required for stepping compared with continuous multiple tones. Further-

more, a very complex frequency synthesizer(s) would be needed to ensure

that phase data are accurately obtained.

Time-domain sounding is attractive because it directly obtainsI the channel impulse response and because it is relatively easy to imple-
ment the 2TF sampling taps. Alternative methods of correlation are the

use of sliding delays, multiplexed correlators, and matched filters. Ad-

vantage can be taken, as discussed above regarding frequency-stepping,

of the 3rd to 4th order of magnitude difference between the channel co-

herence time and its delay-profile extent. 'That is, it is not necessary

to sample at all tap delays on every pulse. The main problem with time-

domain sounding is achieving and maintaining synchronization, and data

acquisition is more difficult than in the multiple-tone method because

much higher sampling (burst) rates are required. However, the synchroni-

zation problem can be overcome in various ways, and time-domain sounding

is the preferred approach for all but the smallest values of 2TF.

Actually, none of these approaches is precluded by the trans-

ponder, which has been designed, after all, to provide exactly that

flexibility. The impact is on the ground-station equipment. It is neces-

sary to decide what equipment to construct that will provide basic channel-

sounding capability with enough parameter flexibility to be useful in

different applications.

Some consideration was given to the possibility of a hybrid

system that combined both time- and frequency-domain sounding. The

16



greatly increased complexity of even the most straightforward implementa-

tions of such a system completely outweighs .the slight advantage of re-

ducing the number of frequencies needed. There are, however, some good

reasons why a minimum CW tone capability should be included. First,

nearly all ionospheric data have been collected using 0. techniques; a

CW signal would allow directly relating new results to old. Also, the

ionosphere is int" -4sicaliy dispersive; both group delay and dispersive

signal broadening o.cur even when there are no irregularities, so some

kind of measure o& E ...tron content must be made. Finally, time-domain

probing tends to deemphauize the higher frequencies in the channel (e.g.,

the triangular ir4.ulse of the self-convolved or matched-filtered PN code

has an ideal sinc-squared spectrum); CW tones at the band edges would be

useful when the correlation bandwidth is wide.

Thus, our reconmmended system includes both frequency- and time-

domain channel sounding. We propose using three sinusoids per band of

interest. Two sinusoids would be located near the upper and lower band

edges while the third would be located near the band center. The PN se-

quency period (and receiver integration time) must be long enough to

provide the required signal-to-noise ratio (SNR) and processing gain,

but be sufficiently short to be responsive to the time variations in the

propagation media.

One may wish to simultaneously characterize the propagation

media in two or three frequency bands simultaneously. If the sounding

signals in these bands are coherently related, it permits to some degree

a characterization of the total channel. For example, if the channel is

not too complex, measurements in the vicinity of 100 MHz and in the range

of 200 to 300 MHz may serve to characterize the channel from 100 to 300

MHz. Here we assume that some physical laws dictate that measurements

in selected portions of the entire band are adequate to characterize the

entire band.

2. System Tradeoffs

System tradeoffs fall into two different categories: (I) sys-

tem parameter choices, and (2) equipment design choices. The former

17
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includes such things as the carrier frequency, the number of bands, and

the PW code lengths and rates. The latter includes questions such as

the desired tradeoff between transmitter power and antenna gain. The

subsequent sections consider these tradeoffs in detail.

B. Frequency-Selection Criteria

Three separate frequency choices are required and will be addressed

separately as: (1) the downlink channel sounding frequency, (2) the

downlink pilot or reference frequency, and (3) the uplink frequency. In

general, as the frequency is increased, the available bandwidth is in-

creased, and there is a tendency for components to be more costly. How-

ever, it should be noted that the principal component saving is obtained

by selecting frequencies used commercially or militarily so that products,

such as power amplifiers, are readily available.

I. Downlink Channel Sounding

Use of as low a downlink frequency as reasonably possible is

desirable because the effective channel bandwidth is inversely propor-

tional to the cube of the carrier frequency. A 5-MHz bandwidth at 100-

MHz carrier represents a nominal value. Use of lower frequencies makes

it more difficult to find an available band. For example, 100 MHz is

centered in the commercial FM band. Consequently, the choice of downlink

channel sounding carrier frequency must reflect the availability of a

channel. The channel must be wide enough to adequately sound the dis-

turbed media.

It should be noted that the available frequencies depend on

the location of the experiment. For example, there may well be no FM

stations in the middle of the South Pacific, while at Eglin Air Force

Base, contention with the FM band is a definite problem.

Furthermore, the difficulty of the frequency allocation problem

depends on the relay transponder vehicle. If it is a rocket that is

operational for only a few minutes for occasional experiments, a tempo-

rary license may be relatively easy to obtain. By contrast, a synchro-

nous satellite is a relatively permanent item that may require much
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greater effort in obtaining the desired frequency allocation. A non-

stationary satellite may encounter even greater difficulties. Clearly,

any satellite-borne transponders must be capable of being turned off

when not actively participating in an experiment.

2. Downlink Reference Frequency

The downlink reference frequency must be chosen high enough

that it encounters no significant attenuation or phase shift due to the

disturbed media. Any frequency above several gigahertz should be ade-

quate. The reference channel, being a single sinusoid, requires only

enough bandwidth to accommodate one- or two-way Doppler (depending on

the transponder configuration) and the frequency instability of the

basic crystal source.

The downlink reference or beacon frequency provides a tracking

signal that is useful in antenna pointing and initial acquisition. For

cost reasons it is desirable to use manual as opposed to automatic tract-

ing. Thus, the ground receive antenna beam must not be too narrow or

initial acquisition and manual tracking will be too difficult. Since

link losses require a fixed receive capture area, the downlink reference

frequency should not be too high. Additionally, generation of power is

more difficult at the higher frequencies. Consequently, the downlink

reference frequency should be as low as possible without encountering

significant distortion.

3. Uplink Frequency

The uplink frequency must be chosen sufficiently high that no

significant attenuation or phase distortions take place on this link in

the event it should pass through a disturbed medium. Any carrier fre-

quency above several gigahertz should be adequate. The frequency se-

lected must be capable of supporting the bandwidth of the transmitted

signals, which, of course, is identical to the bandwidth of the downlink-

channel sounding signal.
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Since both the ground transmitter and the transponder front

end (i.e., low-noise amplifier) are expensive items, it is desirable to

choose a commonly employed frequency band. Readily available components

should have a significant impact on cost reduction. We recommend the

use of the uplink military satellite communication band--that is, the

frequency range of 8.2 GHz.

4. System Considerations

Selection of the three frequency bands must be coordinated be-

cause they have a significant impact on the cost of the transponder.

Since the transponder is most likely expendable it has a great impact on

the overall system cost. Consequently, these cost factors must be care-

fully reviewed before the three frequency bands are selected. Further

consideration of this matter is found in Section IV-B-l, which is devoted

to alternative transponder designs.

For monostatic situations another system consideration is that

it is highly desirable that the same antenna reflector suffice for the

uplink and downlink pilot signals. For bistatic situations it is also

desirable (from an interchangeability or flexibility viewpoint) that the

same antenna reflector handle both the uplink and the downlink reference

signal.

Since higher-order--e.g., second- or third-order--harmonics are

frequently created in power amplifiers, the uplink frequency band should

be higher than the downlink reference frequency band. In this case it

is impossible for harmonics created in the ground power amplifier to

interfere with the reception of the downlink reference frequency.

5. General Frequency Plan

The general frequency plan selected is illustrated in Figure 2.

The uplink spectrum includes potentially four major components consisting

of the carrier that serves as a reference for phase-locking purposes, and

two or possibly three channel sounding bands. Normally we would expect

to use only two of these bands, but the highest band may prove useful in
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some circumstances. Note that the highest band on the downlink, which

is shown in dotted lines, is the lowest frequency or sideband on the

uplink.

Within each band four signals are shown--three tones and a PN

sounding signal. The three tones required for frequency domain sounding

are uniformly spaced, with the center tone lying in the center of the

band and the upper and lower tones lying in the nulls of the PN direct-

sequence channel sounding signal. With this spacing of the tones we

uniformly and fully cover the band. Thus, the relative phase shift be-

tween upper and lower tones should be a very sensitive measure of channel

disturbance.

The PN-channel sounding power spectrum is illustrated for each

band as the familiar sinc-squared form. In practice, the filtering re-

j quired to avoid adjacent-channel interference will greatly alter the

sidelobes with respect to the levels shown in the illustration. Note

that the PN clock rate must be set exactly equal to the tone spacing if

the tones are to lie in the spectral nulls of the PN-channel sounding

signal. This condition, which should not be difficult to achieve, is

desirable for two reasons. First, in this case the upper and lower

tones do not interfere with the PN signal. Thus, the interference power

is three times lower than indicated in Eq. (1) of Section IV-I-D. Simi-

larly, the upper and lower tones encounter no interference power from

the PN sounding signal. However, the center tone does encounter the

interference given in Eq. (3) of Section III-D.

Note that Figure 2 is not drawn to scale. The bandwidth of

the second (and of the third, if desired) band will be considerably

larger, perhaps twice that of the first or lower frequency band.

C. Link Computations

In this section we evaluate the capacity quotient of three links:

(1) the uplink, (2) the downlink reference or pilot signal, and (3) the

channel sounding signals, which may exist in one, two, or three separate

frequency bands.
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We must determine the SNR in the transponder passband for the maxi-

mum range. This is significant because it determines how effectively we

use the transponder power. Also, we need to determine the SNR in the

transponder phase-lock loop closed-loop bandwidth. This SNR is signifi-

cant because it limits the system's ultimate accuracy in making phase

measurements.

It is necessary to determine the SNR in the downlink reference phase-

lock closed-loop, equivalent-noise bandwidths. This SNR also determines,

after suitable scaling, the accuracy of our phase measurements.

With respect to the downlink-channel sounding signals it is neces-

sary to compute the SNRs for the channel-sounding PN signal and the three

tones in each of the two frequency bands. Note that it is also necessary

to calculate the SNR for the data signal, which may be in one or both of

the frequency bands. These SNR computations must reflect the power shar-

ing that takes place between these three signals in the transponder power

amplifier.

It should be noted that the ground-recorder phase-lock loop (PLL)

need not have an SNR as high as the transponder PLL. Section V-C analyzes

the phase jitter effects.

Table 1 presents the nominal values for the uplink. The transmitter

antenna gain of 24 dB corresponds to a 1-ft dish, which is 50% efficient.

At the 8-GHz carrier frequency the half-power bandwidth is 8.4'. Thus,

the tracking problem should not be very severe, and open-loop control

should be easily accomplished.

The RF bandwidths for the low and high bands are assumed to be 25

and 50 MHz, respectively. These bandwidths are significant in that it

is desirable to have a transponder SNR greater than 6 dB in this bandwidth.

In SNR lower than this value would result in significant wasted downlink

power. That is, an excessive amount of reradiated noise would be present

on the downlink. This inefficiency could only be combatted by the trans-

ponder transmitting at a high power level, which requires a larger,

heavier, and more expensive transponder. That is, if half of the p,-?er
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Table 1

NOMINAL UPLINK PARAMETERS

Carrier frequency =8 GHz

Transmitter antenna gain =24 dB

Maximum range =500 km

Receiver noise temperature =1000 K

Receiver antenna gain =6 dB

Miscellaneous losses =3 dB

Transponder bandwidths

Low band = 25 MHz

High band =50 MHz

Reference PLL = 50 kHz

Desired signal-to-noise ratiosILow band = 6 dB

High band =6 dB

Phase- lock
loop = 30 dB

Minimum transmitter power

Low band 69.2

High band =139.4

Reference =34.6

Total 243.2 watts

in the AGC amplifier bandwidth is noise power, then the transponder power

amplifier power output must be increased by a factor of two to provide

the desired signal downlink power level.

It should be noted that these link computations assume that there

are separate AGC or limiting amplifiers for each band. It is more likely

that there will be only one AGC system in the transponder. While a

single AGC poses no significant problem there is a question of what is

the SNR in the IF passband of the AGC amplifier. For example, if separate

25- and 50-MHz bandwidth filters are provided, the required powers will

be identical to those cited in Table 1. However, if one designs the AC
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on the basis of one wide bandwidth covering both bands, the equivalent

noise bandwidth of the receiver might easily be 400 MHz. In this case

the ground transmitter power would need to be nearly 7.3 dB higher than

the minimum values cited in Table 1.

The desired bandwidth for the phase-lock loop is estimated to be

about 50 kHz. This bandwidth is required to achieve rapid acquisition

in the presence of the expected Doppler and frequency uncertainties. The

bandwidth could be reduced if a more complex phase-lock loop, such as a

hybrid AFC/AGC loop, is used to speed acquisition. However, a somewhat

more complex transponder would result.

We estimate that the required SNR in the phase-lock loop is 30 dB

(see Section V). A lower value would result in a degraded measurement

of the channel phase and amplitude distortion. A precise analysis of

the performance is presented in ection V.

The effective noise temperature of the transponder is assumed to be

1000 KC and the receiver antenna gain is chosen to be 6 dB. Miscellaneous

losses are assumed to be 3 dB. With these assumptions the minimum trans-

mitter powers (for the maximum range) are 69.2, 139.*4, and 34.6 watts

for the low and high bands and the reference signals, respectively. The

total power is 243.2 watts. Note that the envelope is not constant be-

cause the transmitted signal is composed of three different signals.

Consequently, the peak power capability of the ground transmitter must

be considerably greater than 243 watts if EM cross products in the trans-

mitter power amplifier are to be avoided. En fact, we find in Section

IV-A-3 that the peak power requirement is 676 watts.

Nominal downlink parameters are presented in Table 2. The downlink

carrier frequencies are assumed to be 0.2, 0.4, and 4 GHz. The trans-

mitter antenna gain is assumed to be 0 dB for all three bands. For the

high and low bands the receiver antenna gain is assumed to be 8 dB, corre-

sponding to readily available helices. At 4 0Hz we assume a 2-ft dish

also having a gain of 24 dB. This assumes that we separate transmit and

receive antennas in either a bistatic or monostatic configuration. Alter-

natively, if a single 2-ft antenna is employed for both transmission and
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Table 2

NOMINAL DOWNLINK PARAMETERS

Carrier frequencies

Low band = 0.2 GHz

High band = 0.4 GHz

Reference band = 4 GHz

Transmitter antenna gain (all bands) = 0 dB

Receiver noise temperature (all bands) = 1000 K

Receiver antenna gain

Low band = 8 dB

High band - 8 dB

Reference band - 24 dB

Maximum range - 500 km

Miscellaneous losses = 3 dB

Required signal-to-noise ratio

SS signals in 200-Hz bandwidth = 40 dB

Tones in 200-Hz bandwidth = 40 dB

Reference signal in 1-kHz bandwidth = 20 dB

Required transmitter power

Low band = 0.67 watts

High band = 2.82 watts

Reference band = 90 milliwatts

Total prime power (10% efficiency) = 36 watts

reception, it will be necessary to point the transmit antenna twice as

accurately as implied by the 8.40 beamwidth cited earlier.

As for the case of the uplink, we assume that the maximum range is

500 km and that there are 3 dB of miscellaneous losses.

It is assumed that both the spread-spectrum signals and the tones

require a 40-dB SNR as measured in a 200-Hz bandwidth. We assume that

the reference tone must be received with at least a 20-dB SNR as measured

25

/|



in a l-kHz passband. The significance of the SNR on the overall perform-

ance is assessed in Section V.

Assuming that zero margin is required, the downlink powers for the

low, high, and reference bands are 0.67, 2.82, and 0.089 watts, respect-

ively. If one assumes that the efficiency of the transponder in convert-

ing prime power to RF power is 10%., then approximately 36 watts of prime

power are required. If a link margin of 3 d3 (at the maximum range) is

desired, then the prime power requirement is increased to 72 watts.

D. Mutual Interference

Three signals may share each of the two channel sounding frequency

bands. These signals are: (1) the PN, or time-domain sounding signal,

(2) the three-tone, or frequency-domain sounding signal, and (3) the data

signal (for BER measurement). The SNR computations for each of these

three signals must be modified to reflect the interference terms con-

tributed by the other two signals.

The PN-channel sounding signal has an inherent processing gain

against the three tones and the data signal. However, the total power

of the tones should be significantly greater than the power spectral den-

sity of either the PN ranging or data signals. Consequently, these two

signals with nominally low power spectral densities may be treated as

additive background noise in addition to the receiver noise. Frequently

the data signal will be a spread-spectrum signal. In this case it will

have processing gain with respect to the other two signals. The magnitude

of the processing gain will depend on the selected bit rate of the data

modem. Lower bit rates are to be preferred because they offer greater

processing gain.

If the data modem is not a spread-spectrum modem, then no processing

gain advantage is possible. However, if the other signals are sufficiently

low in power (not power spectral density), the data modem performance may

still be acceptable. That is, since the other two signals have either

large processing gain or very narrow detection bandwidths, their power
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levels may be low enough that they do not create significant interference

with respect to the data signal.

The allowable level of additive interference to the data signal must

be sufficiently low that it does not prevent one from observing the degra-

dation caused by the channel disturbance. Nominally the total additive

interference, including receiver noise and mutual interference terms,

should be at least 10 dB below the desired signal levels. Higher inter-

ference levels will tend to mask the degradations introduced by the dis-

turbed medium.

Now consider in detail the SNR at the detector inputs for the three

subsystems. Let P D, P S, and P Tbe the powers (in any one band) of the

data signal, of the sounding signal, and of each of the three tones, re-

spectively, as received at the ground-based receiver. Let W Dand W Sbe

the RY bandwidths occupied by the data and sounding signals, respectively,

and b Dand b Sbe the detection bandwidths, respectively. The detector

bandwidth for the tone receiver is denoted bT .

The SNR at the data detector input is given by

SNR P DENO0 + P S/W D + 3P T/W D]b D ()

where N0is the one-sided noise power spectral density ratio. The SNR

at the sounding signal detector is given by

SNRS = P/E N 0+P D/W +3P T/W Sb . (2)

The SNR at the tone detector is given by

SRT =PT IN0 +PS /WS +PDWD bT(3

Joint occupancy of the same spectrum can yield satisfactory perform-

ance if: (1) the spread-spectrum processing gains W D/b D and W S/b S are

sufficiently large, and (2) the power spectral densities P 1 W Sand P D1WD

are sufficiently small in comparison to N 0. We require

27



(b D/W D) (P + 3PT) S 0.2 B NobD  ,(4)

(bs/Ws) (PD + 3P T 0.2 Nob S  (5)

PS/Ws 0.1 N 0 (6)

and,

PD/WD S 0.1 N 0 (7)

If these criteria can be met, the multiple-access interference degra-

dation can be kept below 0.8 dB.

The feasibility of meeting the criteria of Eq. (4) through (7) canIbe established by example. Let the nominal bandwidths for the sounding

and tone detectors be 200 Hz. Assume that the data modem may desire to

operate at a bit rate as high as 50 kbits/s. Further assume that both

the sounding and the data (spread spectrum) signals occupy the full

available RF bandwidth of 5 MHz and that all detectors desire a 20-dB

SNR. If we normalize our design so that PS = PT = 1, then PD = 25.

Clearly, the data power represents the most significant interference

power. In fact, it may be shown that it is necessary to increase the

sounding and tone signal powers to 2 to maintain a 20-dB SNR for these

signals. This increase has a negligible system impact because the data

modem has adequate processing gain to render these signals insignificant,

and because the total signal power, PD + PS + 3PT' is only slightly af-

fected by PS and PT when PD is large. When PD is comparable to PS and

PT' there is no need to increase these latter two powers to combat the

multiple-access interference.

Higher data rates could be accommodated by giving the data signal

proportionally more power. This would require a proportional increase

in the power of the sounding and tone signals, which, again, would have

little system impact.
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E. Loop Bandwidths

Tracking loop bandwidths must be adequate to track the channel-

induced distortions. These distortions may be due either to the dis-

turbed media or to the transponder position variations. Two types of

loop bandwidths are involved--carrier tracking bandwidths and code

tracking bandwidths. We expect that the code tracking bandwidths will

be significantly narrower than the carrier tracking bandwidths. The

latter must respond to small changes in the carrier phase, which can

change an order of magnitude (or more) more readily than a code phase if

the percentage bandwidth is 10 or less.

Selection of appropriate closed-loop bandwidths for these various

loops is a particularly sensitive design issue for loops encountering ad-

ditive noise, such as the transponder and ground reference receiver phase-

lock loop. In such cases optimizing the closed-loop bandwidth is impor-

tant. Bandwidths that are too narrow will provide inadequate transient

response, while broad bandwidths will accept too much noise power. Prior

experience has indicated that the bandwidths of phase-lock loops designed

for tracking the sounding tones should be approximately 200 Hz. The

bandwidths of the other phase-lock loops should be considerably broader

to handle Doppler and frequency stability uncertainties. In fact, a dap-

tive bandwidths may be required to provide rapid frequency acquisition

times yet adequate steady-state phase noise.

F. Antenna Pointing

The antenna pointing requirements, which assume manual or prepro-

grammed tracking, are a function of the transponder trajectory. Rapidly

moving (angularly) transponders are more difficult to track, and broader

antenna beams may be required to handle this case.

Nominally we expect an antenna 3-dB beamwidth of 10 or 20 to repre-

sent a reasonable lower limit for the beamwidth with the expected trajec-

tories. Use of narrower ground transmitter beams could reduce the re-

quired ground transmitter power but could necessitate the use of expensive

automated tracking techniques such as monopulse. Larger ground receiver
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antennas could reduce the transponder power requirement, but again would

require expensive automatic angle tracking. For rough preliminary design

purposes, one may assume that the same ground antenna size is used for

transmission and reception, because a monostatic experimental setup may

be used in many situations. We have conservatively assumed 8.40 3-dB

beamwidths in our nominal link computations for the uplink and downlink.

This means that the tracking problem is not severe. Alternatively, we

could double or quadruple the antenna sizes and lower the ground and

transponder transmitter powers. We have not selected this alternative

because we believe the former approach is operationally more attractive.

The antenna gains possible on the transponder package are minimal

because steering is not economically feasible. The vehicle housing the

transponder will probably be spin-stabilized. Nominally, we expect gains

in the range of 0 to 6 dB with capture areas related to the frequency of

operation.
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IV SUBSYSTEM DESIGN

In this section we present the detailed designs for the three major

subsystems: (1) transmitter, (2) transponder, and (3) receiver.

A. Overall Transmitter System

Figure 3 is a block diagram of the overall transmitter system. The

operator may enter mission-peculiar information for the microprocessor

through a CRT terminal. The microprocessor will then point the 1-ft para-

bolic dish in the proper direction and bias the crystal VCO to the correct

frequency range for the mission (and possibly in response to the measured

frequency of the transponder). The crystal VCO produces the time base,

which drives the coherent synthesizer.

The coherent synthesizer generates seven frequencies for transmission,

one frequency for coherent up-conversion, and two code chipping rates.

The seven transmission frequencies are two sets of three tones plus the

uplink carrier frequency. By making all these frequencies coherent, the

receiving system can choose to make as much use of the coherency as de-

sired. Normally one would use the coherency within each of the bands in-

dependently, but it is possible to make use of interband coherency. For

example, one could measure the relative phase shifts over the frequency

range covered by both bands. If the channel disturbance is not too great,

a satisfactory representation may be obtained in spite of the "unsounded"

region between the two bands.

Separate spread-spectrum modulators are required for each of the

two bands. The outputs from these modulators, which are on carriers

generated by the synthesizer, are linearly combined and up-converted with

a coherent reference signal. The lower sidebands (and carriers) are

filtered, amplified, and transmitted. A 700-watt power amplifier (2TT)

is adequate to provide the required uplink power.
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A l-ft, 8-GHz parabolic dish is required to provide adequate uplink

power. This dish is controlled by the microprocessor.

I. Spread-Spectrum Signals

a. PN Spread Spectrum

The PN code structure selected is dependent on the re-

ceiver design and the maximum rocket speed, which we assume to be no

more than 8,000 km/hr. For illustrative purposes we assume that the

correlation receiver will measure the impulse response over 30 chips of

delay with two taps per chip in both the in-phase (I) and quadrature (Q)

channels. As a result, in any channel measurement interval, Tm, 120

data points are gathered.

Table 3 lists important parameters--i.e., first-null-to-

first-null bandwidth, W, code length, T p, channel measurement interval,

T, and the maximum distance, D, that the rocket can move during the

measurement interval as a function of chip rate and code length. One

desires this transponder movement expressed in nanoseconds of round-trip

delay to be substantially less than one chip duration for accurate mea-

surement. Note that we assume that the correlation receiver is time-

shared, gathering four data points as described above in one code period.

The correlator is then delayed by one chip and the process repeated. As

a result the channel measurement interval corresponds to 30 code periods.

Note that with a high chipping rate of 20 MHz and a long

code of 1023 the effective motion of the rocket corresponds to a 22-ns

shift for the case of a chip duration of 50 ns. For this high chipping

rate a code length of 255 is much less likely to produce misleading

results.

For channel sounding purposes there is no need to use

quadriphase modulation. Consequently, we propose implementing a biphase

PN system based on maximal-length (M) sequences. The chip rate will be

variable at rates of 5, 10, 20, and 40 MHz, and the code lengths will be

selectable between 2047, 1023, 511, 255, and 127.
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b. Frequency-Hlopping Spread Spectrum

Spread-spectrum signaling can be accomplished through the

use of frequency-hopping (FR). However, as normally implemented, coherence

between the hopping frequencies is not exploited. As a result, FR spread

spectrum has inferior channel sounding properties (by several orders of

magnitude) as compared to phase-chipping (direct sequence) spread spec-

trum. While in principle a coherent FR system with equal resolution

could be constructed, its complexity is much greater than that of the

direct sequence approach which we recommend and propose to employ.

An FH spread-spectrum modem can be used at the auxiliary

ports of the transmitter and receiver. In this way the channel may be

sounded by the direct sequence signal while the errors of the FR modem

are recorded.

2. Tones

The method of generating the required tones for a two-band sys-

tem is shown in Figure 4. Since three tones with equal spacing are re-

quired in each band, this arrangement can conveniently be realized through

the use of amplitude modulators. Note that some selective filtering may

be required to equalize the amplitude of each of the three components.

Six line components are created by the coherent synthesizer and then

shifted to the desired RF uplink frequency by mixing with another co-

herently related frequency. Note the requirement for five integer har-

monic multipliers and one frequency divider.

The integers ni 3 0n4 9and n 6must be selected to

provide the desired frequencies illustrated in Figure 2. Note that the

uplink reference signal (carrier) is not only used for the up-conversion

but also added in as shown in Figure 4. If the simplified transponder

design (see Section IV-B-3) is used, the uplink reference signal need

not be present and, therefore, does not have to be added to the coherent

synthesizer output.

The spread-spectrum signals (low and high band) are added to

the tones ini the appropriate bands. These signals are then processed by
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the coherent synthesizer because they are up-converted by the same refer-

ence signal as used by the tones. Further discussion of this process is

presented in Section IV-A-4.

3. Transmitter Peak Power Requirement

Since the ground transmitter must transmit three different sig-

nals, the peak power requirement is higher than the average power require-

ment. Taking the uplink example of Table 1, the peak power requirement

is 676 watts or 4.4 dB higher than the 243 watts of average power. The

exact character of the transmitter input/output characteristic must be

known to properly evaluate the IM cross products even for signals fall-

ing below the transmitter peak power limits.

Here we assume that each band contains one constant envelope signal.

With multiple signals, e.g., three tones plus a sounding signal, per band

the peak power requirement is higher and it is not practical to meet it.

Instead, some nonlinear distortion must be tolerated.
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4. Choice of IF

The block diagram of the proposed transmitter and ground re-

ceiver assume that the IF used to transmit and detect the sounding tones

is the same center frequency as the center frequency of the downlink

bands. Thus, if a frequency band between 83 and 88 MHz is selected for

sounding, the center frequency would be selected to be 85.5 MHz. Note

that this is not a common or standard IF frequency. Consequently, if a

military spread-spectrum modem were connected to the auxiliary input

port this signal would not be located symmetrically about the frequencies

being measured by tones and the direct sequence sounding signal. In

general, it is desirable to symmetrically locate the tones and PN sounding

signals about the data modem center frequency; however, it may not be

necessary to do so.

There are two solutions to the problem of achieving symmetry

in the frequency domain. First, the tones and the direct sequence signals

(for both bands) could be generated at 70 MHz and then translated to the

desired operating band. Alternatively, one could leave these signals at

the downlink sounding frequencies and translate the frequency (IF) of the

military modem to lie in the desired band. We favor the latter approach

because i~t appears to be simpler, and in many, if not most, situations

an external modem may not be used.

There is one difficulty with the proposed approach. The trans-

la~ion in frequency may be less than the channel bandwidth. In this

case filtering cannot be used to saparate upper and lower sidebands that

occur in the frequency translation process. Consequently, the phase

shift method of frequency translation illustrated in Figure 5 must be

employed. While this approach to frequency conversion is more complex

than the standard filtering approach, it does avoid the need for complex

filters.

We propose to use this method only if a slight frequency trans-

lation is required. Implementation of broadband phase shifters is a non-

trivial problem that is best avoided. Consequently, we recommend two

approaches. First, if possible, we recommtend that the lower sounding
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band be symmetrically placed about 70 MHz. If this cannot be done, then

the lower sounding band should be located more than twice its bandwidth

above 70 MHz. Since the code chipping rate can be reduced to 2.5 mega-

chips/s, the lower sounding band may be centered as low as 85 MHz while

using the conventional filter type frequency translators based on linear

filtering to remove the undesired sideband.

B. Transponder Design

During the course of the project several transponder designs were

studied. Rather than present each one of them in detail, we will present

two rather different approaches in some detail and also discuss some of

the fundamental design choices.

The gain control could be accomplished by one of two methods: auto-

matic gain control or hard-limiting. The latter is advantageous if one

expects jamming or significant interference. In the expected mode of

operation neither of these situations should arise. We have chosen to

use AGC to avoid the intermodulation (IN) cross products that would be

created in the limiter approach. Due to the coherent multicarrier nature

of the uplink signal, these IM cross products could seriously degrade the

accuracy of the phase measurements on some of the tones.

A coherent AGC derived from the transponder phase-locked loop is

recommended. A noncoherent AGC is undesirable due to the difficulty of

measuring power in the entire IF passband, which may be as great as 1.5

GHz. If a noncoherent AGC were to be used, it would be necessary to use

bandpass filters to measure the power in one or possibly all of the bands.

This requirement would increase the weight, size, and cost of the trans-

ponder with respect to the coherent AGC design.

1. Transponder Alternatives

The major choice is what source provides the carrier basic fre-

quency. SRI's initial thoughts were that this frequency would be provided

by the ground transmitter. Later we considered an alternative design in

which the transponder package set the downlink carrier frequencies. We
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believe that this alternative approach significantly simplifies the

transponder while not significantly affecting the overall performance.

Consequently, we recommend the alternative transponder design of Section

IV-B-3.

2. Primary Transponder Design

Figure 6 is a conceptual block diagram of the primary trans-

ponder design. The signal is received, amplified with a low-noise ampli-

fier, and coherently down-converted to an IF of approximately 1.6 GHz--

i.e., the sidebands lie between 0.1 and 1.6 GHz. After IF amplification

and gain control an 0.8 GHz VCO is doubled and phase-locked to the up-

link carrier (now at 1.6 GHz). At the phase detector output the spectrum

is inverted but the desired sidebands still lie in the 0-to-l.5-GHz region.

The two bands are split by filters and linearly amplified separately to

the desired power levels for downlink transmission.

The coherent down-conversion is achieved through the use of a

phase-locked multiplier chain. The output of the 800-MHz VCO is divided

by N and provides a reference for the multiplier PLL. The multiplier

PLL VCO, which lies in the 900-to-970-MHz range, depending on the inte-

gers selected for N and M, is divided by M and phase-detected with the

Nth subharmonic of the 800-MHz VCO. The multiplier VCO output is split

and one line is multiplied by 7 to provide the reference signal, in the

6.3-to-6.8-GHz region, for the first down-conversion stage. The other

output of the splitter is multiplied by 5 to provide the C-band downlink

reference signal or beacon, which lies in the 4.5-to-4.86-GHz frequency

range.

The portion of the transponder or coherent translator shown

enclosed within the outer dashed line box would be common for all appli-

cations except that different integers might be employed to realize a

particular frequency plan. Different applications would be accommodated

by different filters, power amplifiers, and antennas. Thus, the most

complex subsystem is common to all transponders. Consequently, the pro-

posed design is cost-effective for a variety of applications. For
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example, a 3-band design could be handled by adding another filter, power

amplifier, and, possibly, another antenna to the two sets already shown

in the block diagram.

Table 4 illustrates the M and N values required for carrier

frequencies of 7.9 and 8.4 GHz, respectively. Other values could be ob-

tained by selecting other values for N and M. The principal constraint

is that very large values of N and M are undesirable because the equip-

ment may become overly complex. Integers below 100 are certainly feasible.

Note that the VCO frequencies have been selected so that digitial divider

chips are commercially available and a practical design results.

Table 4

COHERENT TRANSLATOR PARAMETERS

C- Band
Carrier Tracking VCO Multiplying VCO IF Carrier Reference

Frequency Frequency Frequency Frequency Frequency
(GHz) (GHz) N M (GHz) (GHz) (GHz)

7.9 0.8 32 36 0.9 1.6 4.5

8.4 0.7976 32 39 0.9721 1.5952 4.86

3. Simplified Transponder Design

The transponder design presented above satisfies the measure-

ment objectives but needs a reasonably complex multiplier chain to gene-

rate the required signals. Consequently, the cost of the transponder is

higher than desired for an expendable item. (Note that in some configura-

tions such as a satellite the transponder cost may not be crucial because

the transponder may not be expendable.) This subsection describes an alter-

native design that requires a much simpler harmonic multiplier chain.

The simplified transponder design has the following system im-

pact because the 8-GHz uplink carrier is no longer used as the reference.

First, the system no longer permits the transponder "ranging" on the
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carrier phase because the downlink reference signal does not contain any

uplink Doppler information. Transponder "ranging" can still be performed,

but it must be performed on the modulation, and the accuracy will be

limited to that defined by the PN code rate, which should be sufficiently

good for most purposes. Alternatively, depending on the launch site,

transponder tracking may be provided by an auxiliary radar.

Since the downlink reference signal is not shifted by the up-

link Doppler frequency, the frequency search problem at the ground re-

ceiver is substantially simplified. Furthermore, the frequency assignment

problem for the beacon may be eased because the reference is more stable

with the simplified transponder.

In addition, with the simplified design, one less uplink signal

is required. The carrier component at frequency f.i is not required. The

simplified transponder phase locks on the nearest or highest frequency

I tone. The system impact is that slightly less uplink power is required
and the linearity requirement on the ground transmitter is somewhat re-

duced. Also, the signal generation stage is slightly less complex.

A simplified version of the Beacon Transponder has been devised

and is shown in Figure 7. A stable crystal oscillator, F 2, provides an

on-board reference frequency locked to the VHF carrier. F 2is modular,

plug-in, and has the same frequency as the VHF carrier used in the experi-

ment. A multiplier (x N) provides the second LO frequency from F2 and is

further multiplied by 8 to provide the C-band downlink. The C-band down-

link is thus locked to the VHF carrier frequency. The first LO frequency
is provided by a separate VCO and is phase locked to F 2to provide the

necessary down-conversion to offset drift, frequency errors, and Doppler

shift in the uplink signals. The IF center frequency for all cases is a

third of the C-Band downlink frequency F S and lies in the range 1.4667 to

1.663 GHz corresponding to NF2.

By providing six plug-in multipliers in the range X9 to X14

for multiplier N, suitable combinations of C-Band downlink carriers in

the range of 4.4 to 4.99 GHz may be obtained using an F2 frequency be-

tween 104 and 185 MHz corresponding to the VHF carrier.

43



oU.

N4 Nx

z >

0 <

coo

4 I-
z

wo 0
L)w 2

CL

Lo <

0

L
44c

cc ui



The uplink carrier F ucan be selected independently of the F2

frequency of the multiplier by using a VCO for F 1having a range of 6.3

to 7 GHz.

To prevent an unlocked C-band downlink signal occurring if the

system loses lock, a lock detector gates "on" the C-Band transmission;

thus, loss of lock is indicated by loss of C-Band downlink reference

signal. The frequency relationships for the system are given in Table 5.

Some minor changes are required in the basic receiving system

design. A block diagram of the receiver RE' and IF system is shown in

Figure 8. In this diagram the baseband signal is split after the second

mixer, M 2 ' to provide a narrowband channel to lock the crystal oscillator

to the VHF signal (Figure 9). The second channel contains the AGC ampli-

fier to maintain constant signal level drive to the VHF and UHF powerI amplifiers. An AGC range of 25 dB is thought to be sufficient. The AGC
amplifier has been removed from the lock loop in order to prevent phase

shift in the amplifier under AGC action from affecting the lock loop.

The multiplier chain is now considerably simplified, with re-

duction in costs expected.

C. Receiver System

The proposed receiver system is illustrated in Figure 10 for the

Kcase of a two-band configuration. An additional set of tone and spread-

spectrum receivers would be required if the third band were desired.

The transponder reference in the 4.4-to-4.95-GHz band is received

with a parabolic dish that can be pointed automatically in a preprogrammed

fashion. A low-noise amplifier is used to amplify the received signal

before application to the phase-locked receiver, which includes a down-

converter. The phase-locked receiver can be programmed by the micropro-

F cessor to be offset to a frequency appropriate to the known trajectory

and possibly to oscillator offsets measured prior to transponder launch.

The output of the phase-locked loop is used to drive a coherent

synthesizer. This synthesizer generates the six (or possibly nine) refer-

ence tones required to measure the relative phase shifts or each of the
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Table 5

REVISED SIMPLIFIED SYSTEM FREQUENCY PLAN

N X LO First LO
C-Band LO Frequency, Frequency, RF Input, Frequency, C-Band
Multi- F2  IF F F Multi- F
plier N (MHz) (MHz) (GHz) (MHz) pliers s

27 3 184.8 1663.2 8.4 6.7368 3 x 32 4989.6

7.9 6.2368

162.9 1466.1 8.4 6.9339 4398.3

7.9 6.4339

30 10 156.3 1663.0 8.4 6.737 3 x

(5 x 2) 4989.0

7.9 6.237

146.7 1467.0 8.4 6.933 4401.0

7.9 6.433

33 11 151.2 1663.2 8.4 6.7368 3 X Ii 4989.6

1 7.9 6.2368

133.3 1466.3 8.4 6.9337 4398.9

7.9 6.4337

36 12 138.6 1663.2 8.4 6.7368 3 x 2

(3 x 22) 4989.6

7.9 6.2368

122.2 1466.4 8.4 6.9336 4399.2

7.9 6.4336

39 13 127.9 1662.7 8.4 6.7373 3 x 13 4988.1

7.9 6.2373

112.8 1466.4 8.4 6.9336 4399.2

7.9 6.4336

42 14 118.8 1663.2 8.4 6.7368 13 x
(7 x 2) 4989.6

7.9 6.2368

104.7 1465.8 8.4 6.9342 4397.4

7.9 6.4342

Note: IF RF -F . C-Band 3N x F2 .
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six (or possibly nine) sounding tones. The measured phase shifts are

processed by the microprocessor system and stored on a disk system.

Besides supplying the received three tones for each of the two three-

tone receivers, the low-noise amplifiers also provide the input signals

for the two spread-spectrum receivers. The outputs of the spread-spectrum

receivers (which are the channel impulse response) are processed by the

microprocessor system and recorded in a disk.

The high band signals, which will be located somewhere in the 200-to-

400-MHz region, will be received by a separate helical antenna. The low

band signals will be received by an antenna, which may also be helical,

depending on the frequency that is mounted on the same drive system. Thus,

we propose a 2- or 3-antenna system controlled by a common antenna drive

system. The antenna for the reference receiver will be a 5-GHz dish with

an approximately 2-ft diameter.

The microprocessor system can be preprogrammed for the particular

mission (trajectory, and so forth) through a CRT termin'l.

1. Spread-Spectrum Signal Receiver

a. Tracking Section

The tracking portion of the spread-spectrum receiver is

illustrated in Figure 10. A tracking system is desired to account for

the motion of the transponder. As shown in Figure 10, an envelope (or

bandpass) correlator delay-lock loop is used to track the main or strong-

est path. A search bias can be applied to the PN generator voltagL-

controlled clock to provide the required acquisition function.

The spread-spectrum receiver (one for each band) provides

baseband outputs (I and Q channels) for the baseband cross-correlator

or channel impulse response measurement circuit. In order to develop

these baseband signals it is necessary to lock to the "carrier" of the

spread-spectrum signals. A phase-lock loop operates on the punctual corre-

lator output, which (assuming no data modulation of the spread-spectrum
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signal) has a carrier component. The phase-lock loop generates both I

and Q references signals, which are used to translate the input signal

to baseband.

b. Impulse Response Measurement System

Figure 11 is a block diagram of the impulse-response mea-

surement system. It takes its input from the tracking section of the

spread-spectrum receiver. It also accepts the code from the PN generator

in the tracking section. The outputs are the real and imaginary portions

of the channel impulse response. The imaginary portion occurs only when

the channel introduces even-order phase distortion.

Note that four correlators are used, because the correla-

tion is computed simultaneously at points separated by one-half chip dura-

tion. This spacing guarantees that, as the time base is shifted throughI the range of delays in one-chip increments, a sample is obtained within

one-quarter chip of the maximum correlation. Assuming infinite bandwidth

and an ideal M sequence, the maximum correlation loss would then be 2.5 dB.

For a practical situation with limited bandwidth, the loss would be con-

siderably less. Thus, half-chip spacing provides adequate resolution.

The selected range for computing the channel cross-

correlation has been selected to be 30 chips. As Figure 12 shows, it

takes 30 code periods to evaluate the cross correlation over the entire

range. Equipment simplicity dictated that we take this approach rather

than implement parallel correlators for all 30 time displacements.

The potential disadvantage with the sequential approach

is that the cycle time might be too long and the channel impulse response

would have changed by the time the cycle completed. Since we propose to

use M sequences of several lengths, we have some protection against this

problem. However, as the code is shortened the spread-spectrum process-

ing gai!L against the tones and other interference will be reduced. Also,

the longer the code period the greater the movement of the transponder

package in the measurement interval--i.e., 30 code periods. Table 3 pre-

sents the code period (T p) measurement period (T m), and the distance, D,
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the transponder has moved (in feet) during the measurement interval as

a function of the PN code chip rate and code length, L. Also presented

is the first-null-to-first-null bandwidth of the PN signal. The distance

the transponder has moved is based on an assumed velocity of approximately

8,000 km/hr. Given that the transponder is behind the disturbed medium,

the radial velocity should not produce a significant effect other than

the Doppler shift. Consequently, the most significant velocity is the

angular velocity. We expect this to be considerably less than 8,000 km/hr,

so the maximum transponder motion in a direction perpendicular to the

radial will be no larger than the values cited in Table 3.

If one assumes that the channel changes at a 200-Hz rate,

then samples must be taken at a rate of at least 400 Hz. Allowing for

practical implementation factors, the sampling rate should be at least

500 Hz. In terms of Table 3, this means that the measurement period

must be less than 4 ms. If a code rate of 2.5 megachips/s is selected,

the code length must be less than 255. If a code rate of 10 megachips/s

is selected, the code length must be less than 1023. If a code rate of

20 megachips/s is selected, the code length must be less than 2047.

The A/D converter system for the PN sounding system has

8-bit accuracy and must accept four new samples each M-sequence code

period. Assuming a code period of 1023 chips and 10- and 20-MHz chipping

rates for the low and high bands, respectively, the code periods are 102

and 51 as, respectively. Thus, representative word transfer rates are

40 kHz for the low band and 80 kHz for the high band. We propose separate

A/D converters for the two bands because this will give greater flexi-

bility in system operation. For example, different code lengths in the

two bands can be more readily accommodated if two A/D converters are used.

2. Tone Receivers

Figure 13 is a block diagram of the tone receiver for one band.

There will be two such receivers, and possibly three, if a 3-band design

if adopted. The frequencies will be different, of course. Different
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multiplication ratios will be required to generate the different fre-

quencies. Other than this difference, the tone receivers will be identi-

cal.

The tone receiver operates on the reference or beacon phase-

lock loop output to generate the desired signals in exactly the same

fashion as the ground transmitter. That is, the received 5-GHz reference

tone, which is assumed to be unaffected by the channel distortion, pro-

vides the basic frequency source for the receiver. This signal, after

appropriate frequency scaling, drives a tone generator identical to that

used in the transmitter (see Figure 4), except that the last up-conversion

(to 8 GHz) is not required. These tones will then have the same relative

phases as the transmitted tones and may be used as reference signals for

the phase detectors. These measure the phase shift of the received tones

with respect to the transmitted tones. Note that the receiver requires

two doubly balanced mixers to implement each phase detector, and that

the receiver tone generator must produce two signals, 900 shifted from

each other, per tone, while the transmitter tone generator must produce

only one signal per tone.

The in-phase and quadrature components are measured in a 200-Hz

bandwidth by sampling at a 500-Hz rate as shown in Figure 14. These

samples are then A/D converted and the phase shift determined in the com-

puter using the relationship

0 = tan- (Q/1)
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where Q represents the qtiadrature-channel measured sample and I the in-

phase channel measured sample. By storing the six measured samples per

band per 2-ms frame the computer can sequentially evaluate the three

phase shifts per band. In fact, it is possible to share one multiplexed

A/D converter between the two, or possibly three, bands. Note that an

8-bit accuracy is sufficient, and multiplexed A/D converters are readily

available. The output word rate from the tone A/D converter is 6 kilo-

words/s for a two-band system and 9 kilowords/s for a three-band system.

The amplitude, A, of each tone is determined in the computer

system according to

A=V J+Q

Thus, the tone receivers measure both the phase and amplitudes of the

tones.
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3. Computer System

Two computer systems are required. The transmitter requires

one for the miscellaneous functions described below. The receiver re-

quires a larger computer system that performs similar miscellaneous

functions plus data logging. If a monostatic configuration is selected,

one computer system is sufficient. However, bistatic configurations re-

quire two computers.

a. Data Acquisition

The computer system must acquire and log--i.e., direct to

data storage, such as disk--the measurements described below.

First, the computer must measure the relative phase shifts

and amplitudes on each of the three tones per band. There will be at

least two bands and possibly three. Note that each of these measurementsI involves an active computation to determine the phase angle and a square

root of the sum of two squares to determine the amplitude. These compu-

tations must be performed at a rate fast enough to be compatible with a

channel sampling rate of 500 Hz.

Second, the cross-correlation of the PN sounding channel

must be recorded in both bands. This requires both I and Q channel mea-

surements over a 30-chip range with 1/2-chip resolution. Thus, 120 dif-

ferent values must be recorded per measurement interval. The measurement

interval is a function of code rate and code length but should be on the

order of 2 ms or less if the bandwidth of the channel impulse response

measurements is to be the same as that of the tone measurements.

Third, one may need to record the bit error pattern for a

military modem operating in one or more of the bands. If one assumes

that this modem is restricted to a data rate of 10 kilobits/s or less,

then a 10-kilobits/s rate is adequate to store the bit error pattern.

This pattern can be related at a later time to the channel impulse

response.
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Fourth, and finally, all the above data must be time

tagged so that performance may be related to the transponder position

and other physical phenomenon. It is the responsibility of the computer

system to provide this information.

b. Miscellaneous Computer Functions

The computer system must translate trajectory information

into antenna elevation and azimuth angles as a function of time. Thus,

prior to launch, a code describing the intended trajectory must be entered.

At the time of launch the operation(s) must enter the launch time. This

information must be processed both at the transmitter and the receiver

site, which potentially will have different algorithms because they have

different locations.

In addition, it may be desirable to preprogram. transmitter

and receiver VCOs to account for the expected Doppler shift. By doing

this the acquisition time at the transponder receiver phase-lock ioop

and the ground phase-lock loop may be reduced. Also, the trajectory in-

formation can be used to shift the ground receiver PN code generator

time base to roughly the correct position so that tracking can commence

without an extensive acquisition period.
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V PERFORMANCE ANALYSIS

In this section we analyze the performance of the proposed experi-

mental sounding system. We present results for the acquisition times

for the phase-lock loops and the delay-lock loops. We also present re-

sults for the amplitude and phase errors associated with the tone measure-

meat system.

A. Phase-Lock-Loop Acquisition Time

Two very important phase-lock-loop acquisition processes are required.

First, an acquisition at the transponder is necessary. Second, an acqui-

sition of the reference signal at the ground receiver is required. Table 6

summarizes the acquisition parameters and resulting times.

At the transponder the maximum Doppler shift is 96 kliz, but trajectory

information may be used to reduce this uncertainty. Assuming a frequency

stability of 10- (perhaps 10- from the transponder and 10- from the

ground transmitter) the uncertainty from this source is approximately

±80 kHz. This value could be reduced by pre-launch measurements where

the oscillator frequencies of both the ground transmitter and the trans-

K ponder could be measured. However, it should be noted that the trans-

ponder oscillators might significantly change frequency after launch due

to the mechanical shock associated with launch.

If one assumes the worst case of a total frequency uncertainty of

176 kHz and a closed-loop bandwidth of 50 kHz, the acquisition time for

a conventional phase-lock loop is only 1. ins. This time is sufficiently

short that there does not appear to be any very good reason to consider

more sophisticated phase-lock loops.

On the downlink the carrier frequency is approximately one-half the

uplink frequency. Consequently, the maximum Doppler shift is reduced to

±48 kllz and the frequency stability uncertainty is reduced to ±40 Hz.
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Table 6

PHASE-LOCK-LOOP ACQUISITION TIMES

Transponder PLL

Maximum Doppler shift - ±96 kHz
Frequency instability = ±80 kHz

Total Uncertainty = ±176 kHz

PLL Bandwidth 50 kHz

Acquisition Time 1 ms

Ground receiver PLL

Maximum Doppler shift = ±48 kHz
Frequency instability - ±40 kHz

Total uncertainty = ±88 kHz

PLL bandwidth 1 10 kHz

Acquisition Time 9 ms

At 4 GHz the total frequency uncertainty is approximately ±88 kHz. Of

course, this frequency uncertainty can be reduced by the same methods

described above. If one assumes an acquisition bandwidth of .0 kHz

(this value is feasible at a range of 60 km for the power levels described

in Section Ill-C), the acquisition time is 9 ms. Since this value is very

low, it is possible to narrow the bandwidth and achieve an acquisition

time that is still acceptable.

For a phase-lock loop the frequency acquisition time is given by

Tf a 4(f)2/B3  , (8)

where Af is the frequency offset and B is the closed-loop equivalent

noise bandwidth.
4

The total acquisition time consists of the frequency plus the phase

acquisition time. The latter value is given by
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T = 4/B . (9)

In our case the frequency uncertainty is sufficiently large that T is

negligible in comparison to TF. thus, our acquisition time is effectively

given by Eq. (1).

The acquisition time can be reduced either by decreasing &f or in-

creasing B (or both). The former can be accomplished to a limited extent

by using trajectory information and also measured frequencies just prior

to launch. Note that since the launch site will be separated from the

transmitter site, a communication link is required for tranferring this

informatio.. Even then the pre-launch frequency information is of quest-

ionable value due to the mechanical and thermal shock associated with the

launch. Experimentation with the crystal VCO in launch conditions would

be required to determine the accuracy of this technique and whether the

improvement was worth the effort or not.

At present it does not appear wise to attempt to utilize anything

but known trajectory information. We estimate that it should be possible

to at least estimate the Doppler offset from the trajectory information

to within 10% (certainly, the polarity of the Doppler is known). Conse-

quently, we expect that the maximum frequency uncertainty can be reduced

by a factor of 2 to ±45 kHz. As a result of using trajectory information,

the acquisition time could be reduced by a factor of 4.

If the PLL bandwidth is increased (the second alternative), the

reference-signal phase-lock-loop SNR will be lowered. This degradation

will result in a poorer measurement of the channel characteristics as

described in Section V. Alternatively, one may think of all increased

loop noise bandwidth as decreasing the maximum range or requiring in-

creased transponder power.

If the phase-lock-loop acquisition times present a significant prob-

lem, a more complex phase-lock-loop design could be employed. A hybrid

automatic frequency control (AFC)/automatic phase control (APC) loop

could be employed. For the presently planned applications, this sophisti-

cation is not required. However, a simple modification to both the
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transponder and ground receiver phase-lock loops would allow the proposed

design to work with much greater frequency uncertainty.

B. Delay-Lock-Loop Acquisition Time

We assume that we have constructed a delay-lock-loop tracking system

with a discriminator that is two chips broad, because this provides the

better search rate for the commonly employed discriminator types. In

this case it may be shown that the maximum search rate, R, in a noise-free

environment must be limited by the inequality

R 5 2B , (10)

where B is the closed-loop equivalent-noise bandwidth of the delay-lockI loop, and R is measured in chips/s. If we conservatively limit the search

rate to one-half the maximum value to reduce the probability of missed

lock due to noise, then the acquisition times are those specified in

Table 7. Note that they are presented at two different loop bandwidths.

The nominal 200-Hz tracking bandwidth is presented because this is

the result that would be obtained if no special acquisition procedures

were employed. For longer code lengths the acquisition time is rather

lengthy--perhaps 10 s in the worst case. Of course, if acquisition does

not occur on the first but on the second or third pass, the times of

Table 7 need to be multiplied by two or three. In these cases the acqui-

sition tones definitely may be longer than desired.

One simple approach to reducing the acquisition time is to increase

the loop bandwidth. Increasing the loop bandwidth by a factor of 5 to

1000 Hz results in a 7-dB SNR decrease, but the acquisition time is re-

duced by a factor of five provided an adequate SNR is available. Table 7

also presents the acquisition time for the case of a 1000-Hz bandwidth.

Note that the closed-loop bandwidth is a function of thc KV SNR bc-

cause the loop gain is a function of the signal strength of the coded

signal. The latter varies with transponder range and the Kk SNR in the

AGC bandwidth. For low SNR the closed-loop bandwidth will be less than
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Table 7

DELAY-LOCK LOOP ACQUISITION TIME

Maximum
Loop Code Acquisition

Bandwidth Length Time
(Hz) (chips) (s)

200 1.27 0.64

255 1.28

511 2.55

1023 5.1

2047 10.2

1000 127 0.13

255 02

1.023 1.02

2047 2.04

for high SNRs. Consequently, the system should be designed for the

worst case or maximum range situation. At shorter ranges the SNR will

be much higher and the loop bandwidth wider. As a result a higher search

rate is possible, but we do not plan to take advantage of this fact other

than to permit the operator to select the wider closed-loop bandwidth.

If one assumes that the maximum relative velocity of the transponder

is 3.5 kmls, the channel itself provides a search velocity that is de-

scribed in Table 8. This velocity-induced search rate may either slow

or speed the selected search rate. Under the most likely circumstance,

acquisition will occur during a closing situation and the search rate

will be increased from that planned by the amount given in Table 8.

Based on Table 8 and our limit on search rate as specified by

R =B ,(1
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Table 8

TRANSPONDER MOTION INDUCED
CHIP SEARCH RATE

Effective
Search Rate

Chip Rate (chips/s)

10 MHz (low band) 116

20 MHz (high band) 232

either the code tracking loop must have a programmed bias offsetting the

transponder motion-induced search velocity, or else the closed-loop track-

ing bandwidth must be increased from 200 to some number in excess of 232 Hz.

In this case the closed-loop bandwidth of 1000 Hz seems a reasonable

choice.

C. Phase Lock Loop Noise Analysis

In this section we analyze the steady-state noise performance of the

phase-lock loops associated with the channel sounding tones and the refer-

ence beacon. We commence by analyzing the phase jitter propagation

(multiplication, division, cancellation, and addition) through links using

both the original and the simplified transponders. Next we determine

the phase jitter as a function of loop SNR. Finally, for a representa-

tive example based on the link calculations of Section Ill-C, we evaluate

the standard deviation of the tone phase jitter.

1. Phase Jitter Analysis of the Coherent Beacon Chain

In this section we analyze the noise performance (phase jitter)

for the two transponder designs. For both designs we assume that the

observed signal at the transponder input is given by

z(t) = s(t) + rn(L) + n(t) , (12)
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where s(t) are the desired tones, m(t) is other desired signals, and n(t)

is the receiver noise. The received tones are given by

L

s(t) = k cos[PiWo t + pi8] (13)

i=l

where the parameters pi are integers used in generating the coherent

tones. For a two-band design L = 7 and 6 for the original and simplified

transponder designs, respectively.

a. Original Transponder Phase Jitter Analysis

Figure 15 is a block diagram of the original transponder

design. The block diagram is conceptual in the sense that we show the

VCO operating at the basic frequency f0, which is the fundamental fre-

quency for the frequency synthesizer. In our proposed implementations,

the transponder VCO would operate at a high harmonic of f . Thus, the

phase jitter $(t) will not be directly measurable in the proposed imple-

mentations. We show only the tone components of the received signal s(t)

as an input. The channel sounding tone outputs are denoted y(t), while

the reference beacon is denoted x(t). The phase jitter induced by the

receiver noise n(t) is Z(t) referenced to the basic oscillator frequency

f of the ground transmitter. The effective phase jitter in the trans-0

ponder phase-lock loop is po(t), and its standard deviation must be con-

siderably less than 300 if we are to be assured that the probability of

loss of lock is sufficiently low. Thus, 0(t) will be very small.

The channel sounding tone output is given by

L

y(t) =E cos[(pi - P)oWt + (p iP)0 - p (t)] (14)

i=2

and the reference beacon by

x(t) = cos[p r Uot + Pr 0 + Pr 0(t)] (15)

65



INPUT) S~) _yt OUTPUT

x P
Cos (W t + 0 + ~s

1 REFERENCE

FIGURE 15 BLOCK DIAGRAM OF ORIGINAL TRANSPONDER DESIGN

The ground receiver phase-locks to the beacon and divides

by pr to produce the reference signal

r(t) = cos[w t + e + 0(t) + i(t)] (16)0

where '(t) represents the phase jitter induced by the ground receiver

noise referenced to the basic oscillator frequency f . The reference0

signal is used as the source signal for the receiver synthesizer.

The it h tone output from the receiver synthesizer is given

by

fi(t) = cos[(p i - p)wot +(pi - Pl)[0(t) + y(t)]1 (17)

and the it h component of the received channel sounding tones is given by

Yi(t) = cos[(pi - p)w 0 t + (Pi p )o - pl0(t)] . (18)

When fi(t) and yi(t) are compared in a phase detector the

difference y(t) is found to be
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Y(t) = Piw(t) + (pi - pl)Y(t) (19)

Note that the ground receiver phase jitter has much less

impact than the transponder phase jitter because (pi " Pl) is normally

much smaller than pi"

As an example, consider the case when the nominal carrier

frequency is 8 GHz and the nominal oscillator frequency is 5 MHz. In

this case pl = 1600, pi = 1580, and pi - P1 = -20. However, it should

be noted that '(t) is the received beacon phase noise referenced to f 0

Since the beacon is approximately 4 GHz, the integer dividing ratio is

about 800. Thus, the phase jitter in both the transponder and the re-

ceiver phase-lock loops is reduced very substantially (by approximately

1600 and 800, respectively) in the process of creating 0(t) and Y(t).

Nevertheless, y(t) is approximately 80 times more sensi-

tive to -'(t) than T(t).

b. Simplified Transponder Phase Jitter Analysis

Figure 16 is a conceptual block diagram of the simplified

transponder design. The reference beacon output is given by

x(t) = kx cos (pn u)it + Pn 0) (20)

The IF signal is given by

L

k(t) cos[p t + e w t 8] (21)
2 i o pi 2

i=l

and the desired phase-locking component cos[PL(W° - w2)t + p - ] is

phase-compared with sin[p 2 WI t + p2 t] to produce the locking voltage

sin[P2 (U t + p20 - (PLo - w2)t + PLO - 8] (22)
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FIGURE 16 BLOCK DIAGRAM OF SIMPLIFIED TRANSPONDER

Lock is obtained only when the VCO adjusts itself so that

w= PL o - P2'1 (23)

and

p L - P2 (24)

In this case k(t) is given by

L

k(t) = 1/2E cost[(pi - pL)Wo + p2 W] t + (Pi PL) + p2&
1  (25)

i=l

and the channel sounding tones by

L

y(t) = -1/4 k sin{[(p i - PL)Wo t + (P-i PL1  (26)

i=].
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The phase-locking occurs at approximately 8 GHz and the

phase noise s(t) in the PLL shows up directly in the IF as

L

k(t) = 1/2 cos{[(p i - PL)W + p 2wl ]t + (pi P L)0 + P2 01 " s(t)) (27)

~i=l

and in the output as

L

y(t) = 1/4 sin[[(p i - pL)Wo]t + (pi ) 8- Ow(t)l (28)

i =1

Note that the reference beacon is not corrupted by the

PLL phase jitter. Consequently, there is no phase cancellation that

takes place in the ground receiver.

Consider now the it h tone component

Y.(t) = -1/4 sin[(p. - PL)w]t + ( -0(t)) . (29)

The effect of the ground receiver PLL phase noise is the

same as it was with the original transponder as analyzed in the previous

section. That is, the measured phase error will be given by

Ys t ) = "0 s ( t ) + (P i - p 1M t )  (30)

Note that the performance specified by Eq. (30), (simplified transponder)

differs only slightly from the performance specified by Eq. (19), original

transpondec), because the standard deviation of s(t) and pi(t) will be

essentially the same. In fact, the variances of the first terms are re-

lated by:

This phase noise is measured at the radio frequency of approximately
8 Gz rather than at the basic frequency f used in the previous section.
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Varesf(t)] = d/ 2 Var[O(t)) (31)

Since pL and p, are very close to each other,

VartYs(t)l k Var[y(t)l . (32)

2. Phase Jitter as a Function of PLL SNR

For PLL substantially above threshold and therefore operating

in a linear mode it may be shown that the variance of the noise-induced

phase jitter measured in radians is given by

0 2 = I/SNR loop (rad 2)
0

where SNR loop is the SNR measured in the PLL closed-loop equivalent

noise bandwidth.

3. Nominal Phase Jitter at Maximum Range

Using the nominal link parameters of Section III-C we find

that the transponder PLL and the ground beacon tracking PLL have loop

SNRs of 30 dB and 20 dB, respectively. Thus, we find that

Var[pi (t)) - Var[ s(t)) = 10
3  (rad )

and that

Var((t)) = 10- 2 (rad 2) referenced to 4 GHz, but referenced to
-6

5 MHz (f ) we have Var[Y(t)) = 1.56.10 -

Consequently,

Varf(Pi - pl)T(t)] - 6.25.10 4  (rad )

where we assume that the sounding tones lie at approximately 100 MHz and

the variance of the overall phase jitter is given by
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Var(Y(t)] = 1.625 x 10- 3  (rad 2

Therefore, the standard deviation is 4.10- 3 rad or 2.30. Clearly, any

larger value of phase jitter will tend to degrade the system performance.

However, at the maximum range a phase jitter of this magnitude is accept-

able.

17
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VI CONCLUSION

This report covers the design of the transparent-transponder system

down to the level immediately before actual circuit design and mechanical

layout. That is, signal levels and frequencies and component specifica-

tions such as gains and losses, bandwidths, and so on, have been estab-

lished in detail. Careful consideration has been given to noise levels,

dynamic range, intermodulation levels and products, and avoidance of

harmonic regeneration and self-locking. Particular attention was paid

to the problem of mutual interference between the various diagnostic and

channel-sounding signals and whatever systems-test signals may be present

for any particular application. Because only limited time spans may be

available in both rocket-borne and possible satellite applications of
this system, the times required for signal acquisition by phase-locked

oscillators at both ends of the system and by PN tracking loops can be

critically important, so those aspects were also given careful study.

The chosen SNRs provide more than adequate acquisition times for all

presently conceivable applications for the system. A transponder that

maintains linearity through automatic gain control is superior to one

that hard-limits the incoming signals.

Although many of the systems calculations presented here necessarily

made use of nominal parameters that would apply for a generic mission be-

cause a specific application for the system has not been defined yet,

the parameters are reasonable and the appropriate tradeoffs are discussed.

Mission-dependent parameter variations are not expected to be large, and

thus would not have a significant impact.

Two basic transparent-transponder configurations evolved during the

course of this study and design effort. They differ in the way the up-

link signals are acquired and translated for retransmission through the

disturbed ionosphere back to a ground station, and thus in their complexity.

The first, or "basic transponder" operates on an 8-GHz uplink signal
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carrier directly and is the more complex of the two because it requires

a more involved frequency-multiplier chain. The more evolved, simpler

system, which is called the "simplified transponder," locks on to a VHLF

pseudocarrier, which is actually a CW signal in the lower sideband of

the true 8-GHz uplink signal. Its cost is the loss of round-trip Doppler

information, which is not serious. Both systems use the same fundamental

principle of translating the lower sidebands of the uplink signal to the

VHF-UHF range for retransmission to the ground. Furthermore, the receiv-

ing systems for both approaches are nearly identical and could easily be

compatible with both types of transponders. The transmitter systems

would be essentially the same as well.

Two types of missions have been contemplated for this transparent-

transponder system: rocket-borne and aboard earth-satellites. The funda-

mental premise for both is the provision of a system capable of handlingI a wide variety of signals that could be deleteriously affected by regions
of disturbed plasmas. Although the ground station(s) would be essentially

the same for both types of mission, and could be used interchangeably for

both, the detailed design of the transponder could be substantially dif-

ferent because of cost and lifetime, and mission duration requirements.

A rocket mission could tolerate shorter-lifetime (perhaps nearly "off-

the-shelf") components and a larger instantaneous power consumption than

possible in a satellite application.

In spite of a higher initial hardware cost, however, the satellite

application of this system is probably the most cost-effective overall,

and more fully exploits the unique capabilities of the concept. The

possibility of making many passes over disturbed parts of the ionosphere

(e~g., at the equator, or at auroral latitudes) is intrinsically comple-

mentary to the ability to easily change the types of signals passed

through the transponder and their parameters. Besides being available

for specific programs involving specialized types of communications sig-

nals, an orbiting transponder of this capability can also readily deal

with the types of signals used for more routine or synoptic studies, such

as the DNA Wideband Satellite set. We note that the Wideband Satellite

signal set would be easily handled by the transparent transponder, with
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the exception that the reference signal would be about 5 0Hz rather than

at 2.8 GHz, which is a desirable feature. Thus, existing ground-station

equipment could be used effectively.

An important aspect of this design effort was to provide the ability

to pass a variety of signals at once through the transponder. The signals

are not restricted to fall in the same bands nor to be separated in fre-

quency. This raises the possibility of simulating the interaction between

signals passing through different parts of a nuclear-disturbed plasma, as

might be encountered in a jamming scenario.

No particular mission or specific application has been established

for the system described here. The objective of this effort was to estab-

lish the basis and set the detailed specifications for the system and its* p components so that construction could proceed quickly and efficiently.
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Appendix A

RFI AND DOWNLINK BAND SELECTION

Interference can be a very serious problem because of the wide band-

widths occupied during time-domain channel soundings (and for frequency-

domain work too, if there are many tones) and spread-spectrum signal test-

ing, plus the need to operate in the VHF range in order to obtain rela-

tively narrow coherence bandwidths. This problem is particularly severe

in the CONUS, where there is a high density of often high-powered trans-

mitters. This was recognized as a constraint on the PLACES program, and

ESL, Inc. made an RFI survey in the Florida panhandle area to try to

quantify interference levels. This appendix contains the results from
a similar, but less extensive, measurement of the "background" signal

level between 50 and 350 MHz. Our measurements were done on the roof of

a building at SRI International on 2 February 1979, in the San Francisco

Bay Area, which is probably very cluttered with signals.

Our spectrum analyzer was set up to scan over 50-MHz intervals, and

the center frequency was shifted in 25-MHz steps. Figure A-1 is a block

diagram of the measurement setup. The signal generator provided for

signal-strength calibration was set to the center frequency of each scan.

A quarter-wave vertical antenna was used, which means that gain was maxi-

mum at the horizon and there was no azimuthal directionality. Table A-1

presents the spectrum analyzer settings and Table A-2 is a list of the

antenna lengths. Measured cable losses were less than 0.5 dB for the

RG-214/U section and less than 2 dB for the RG-58/U piece.

Figures A-2 and A-3 summarize the measurements. By far the most

dominant feature is the FM broadcast band from 88 to 108 MHz. The central

Letter dated 5 January 1979 from C. W. Prettie to Captain L. A. Wittwer.
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6 d8

FIGURE A-1 TEST SETUP

Table A-I

SPECTRUM ANALYZER PARAMETERS

Scan width 50 MHz (5 MHz/division)

Bandwidth 100 kHz

Scan time i ms/division

Log reference -30 dB

Signal generator -40 daBn

part of the aircraft band (108 to 136 MHz) has much less energy. How-

ever, the signals are very sporadic, as are signals at slightly higher

frequencies (Figure A-4). The so-called VOR navigational aids, however,

which occupy the 103-to-118-MHz band, produce continuous signals. Note

that the TV broadcasts produce 4 to 5 orders of magnitude less average

energy density than appears in the FM band. At least in this area, it

would be far more preferable to make measurements below 88 MHz and avoid

the FM band.

Since the aircraft band is probably very sensitive to even the

slightest amount of interference, 132 MHz seems to be the lower limit
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Table A-2

ANTENNA LENGTHS

Center Frequency Antenna Length
(MHz) (cm)

75 99.1

100 74.3

125 59.4

150 49.5

175 42.4

200 37.1

225 33.0

250 29.7

275 26.9

300 24.8

325 22.9

for the next-lowest possible band for measurements. There appear to be

a number of narrowband signals within the 140-to-165-MHz range, however,

whose effects would have to be considered. Except for the TV carriers,

things seem to be fairly quiet above that. (The 300-to-350-MHz range,

which is not shown, was similar to the 250-to-300-MHz range.) Our

measured signal levels are comparable to those reported by ESL, Inc.
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FIGURE A-2 SPECTRUM ANALYSIS FROM 50 TO 225 MHz
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FIGURE A-3 SPECTRUM ANALYSIS FROM 175 TO 300 MHz
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